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The development of interfacial coherency stresses in TiN/AlN bilayer and multilayer ﬁlms was
investigated by ﬁnite element method (ABAQUS) using the four-node bilinear quadrilateral axisymmetric
element CAX4R. The TiN and AlN layers are always in compression and tension at the interface, respec-
tively, as may be expected from the fact TiN has larger lattice parameter than AlN. Both, the bi-layer
and the multilayer stacks bend due to the coherency stresses. For the TiN/AlN bilayer system, the curva-
ture of the bending is largest for the TiN/AlN thickness ratios0.5 and2 (at which one of the two layers is
fully in compression or tension), while it is smaller for the layers with the same thickness (at which both
layers posses regions with compressive as well as tensile stresses). This stress distribution over the bi-
layer thickness is shown to be strongly inﬂuenced by the presence and the properties of a substrate.
Furthermore, the coherency stress proﬁle and specimen curvature of a TiN/AlN multilayer system was
studied as a function of the top-most layer thickness. The curvature is maximum for equal number of TiN
and AlN layers, and decreases with increasing the number of TiN/AlN periods. Within the growth of an
additional TiN/AlN bilayer, the curvature ﬁrst decreases to zero for a vertically symmetrical geometry over
the layers when the TiN layer growth is ﬁnished (e.g. for (n + 1) layers of TiN and n layers of AlN). At this
stage, the coherency stresses in TiN and AlN are same in each layer type (independent on the layer
position). The growth of the second half of the TiN/AlN bi-layer (i.e. the AlN) to ﬁnish the period, again
bends the specimen, and generates a non-uniform stress distribution. This suggests that the top layer as
well as the overall specimen geometry plays a critical role on the actual coherency stress proﬁle.
 2011 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Epitaxial stabilisation of various crystal structures by the
template effect is the topic of many research activities (e.g. super-
lattice studies) due to the ability to control the properties of
coatings by engineering the structures at the nanoscale. Multilay-
ers that consist of two nanoscale layered materials with the same
crystal structure and a small lattice mismatch may grow epitaxi-
ally [1–6]. Lattice mismatch between the two coherent layers
generates an alternating strain ﬁeld or coherency stress ﬁeld in
bi- and multilayers. This strain ﬁeld and the different dislocation
line energies per unit length of the two layers due to their different
elastic moduli, may inhibit the generation and movement of dislo-
cations and strengthen the bi- and multilayer system [3,4].
The ﬁnal condition of the bi- and multilayer systems are con-
trolled by various strain factors such as (i) misﬁt strain or coher-
ency stress due to lattice mismatch between the ﬁlm–ﬁlm or
ﬁlm–substrate at the deposition temperature and its relaxation; fax: +43 (0)3842 402 4202.
c.at, vipin.phy@gmail.com
Y-NC-ND license.by dislocation generation, (ii) thermal strain caused by different
thermal expansion coefﬁcients of the individual layers and sub-
strate during cooling, and (iii) transformation strain at and below
the Curie temperature [7,8]. Among these strains, thermal and
transformation strains can be estimated by experiments. There-
fore, the present work focuses to modelling the misﬁt strain or
coherency stress between TiN and AlN layers in TiN/AlN bilayer
and multilayer ﬁlms by ﬁnite element method (FEM) using a com-
mercial package, ABAQUS 6.10-1 [9]. The TiN/AlN system was cho-
sen for the investigation as this system is highly interesting from
fundamental as well as from the application point of view [10,11].
Due to a high density of interfaces in a multilayer (compared to
a single component monolithic ﬁlm of the same overall thickness),
stress producing mechanisms associated with coherency, surface
and interface stresses are expected to be dominant. Here, we focus
on coherency stress effects in bi- and multilayer systems and by
monitoring stress evolution in the growing ﬁlm by curvature mea-
surements, we are able to observe changes in layer stress associ-
ated with changes in thickness. It is worth noting that the
thermal stresses, caused by the mismatch of thermal expansion
coefﬁcients rather than by the lattice parameters, will be built-in
in the bi- and multilayer structures in a similar way to the
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strates (where we assume incoherent interfaces, i.e. effectively
no lattice mismatch) the different thermal expansion of the sub-
strate make the situation more complex. Nevertheless, the con-
cepts, methodology, and conclusions of this work can be directly
used for assessing the thermal stresses too.2. FEM modelling and ABAQUS simulation
The interfacial coherency stress generated due to the initial
misﬁt strain between the lattice parameters of TiN and AlN ﬁlms
of sputter deposited TiN/AlN bilayer and multilayer ﬁlms were
analysed by FEM in ABAQUS simulation with the following dimen-
sion of the samples. A cylindrical shaped ﬁlm of 2 lm diameter and
thickness of TiN and AlN ﬁlms varied in nanometer range consid-
ered for the analysis and silicon substrate of thickness 500 nm
was considered below the TiN/AlN ﬁlm in some cases. The ﬁlms
were modelled using four-node bilinear quadrilateral element
CAX4R, with axisymmetric option. The point of origin (x = y = 0)
is ﬁxed and the symmetry condition is applied along the y-axis.
The axisymmetric plane parallel to xy-plane was taken into ac-
count for the two dimensional model in the present work, see
Fig. 1. The materials were modelled using isotropic elastic media,
with quadrilateral-shaped elements to mesh the model.
Element size across the plane was minimised in a graded
fashion near the TiN–AlN ﬁlm interface (Fig. 2), in the bilayer
and multilayer system (interface of each layer) as this area wasFig. 1. A schematic diagram of axisymmetric 2D solid model of TiN/AlN bilayer and
multilayer ﬁlms.
Fig. 2. Physical boundary condivery prone to high stress concentration [12] and the model had
been simulated with more than 150,000 elements. The element
size near the interface was approximately 100 times smaller than
the thickness of the layer. A ﬁne mesh was also introduced near
the symmetric axis and edge across the thickness of the ﬁlms
and it was reﬁned until the results are consistent with only small
changes.
The left side of the model was used as the axis of the axisym-
metric model. The bottom left corner of the model was pinned to
restrict any movement and all other edges were stress free so that
bending was permitted. The physical and mechanical properties of
the TiN and AlN ﬁlms are given in Table 1.3. Results and discussion
3.1. TiN/AlN bi-layer system
The coherency stress generated in the bi-layer TiN/AlN system
without substrate but with various thicknesses of the individual
layers, is plotted in Fig. 3. By coherency stress, we refer to the radial
component, rRR, of the stress tensor, and we plot it along the z-axis.
This way, negative and positive values of the coherency stress refer
to compression and tension in the xy-plane, respectively.
Firstly, we kept the thickness of the TiN layer constant at 10 nm
and varied the thickness of the AlN layer from 1 nm to 10 nm
(Fig. 3a). The fact that the lattice constant of TiN (4.25 Å) is larger
than that of AlN (4.05 Å) implies that TiN is expected to be laterally
in compression while AlN in tension, in order to obtain a coherent
interface. The inspection of Fig. 3a proves this intuitive picture only
partly. For the thinnest AlN layer (1 nm), AlN is indeed in tension
(rRR > 0). However, the TiN layer changes from compressive state
near the interface into tension at the bottom free surface. Such a
distribution of stresses together with the axial symmetry of our
model corresponds to a bowed-out shape of the specimen. The
estimated curvature of this 10-1 (10 nm TiN–1 nm AlN) model is
22.0  104 m1. In a simpliﬁed manner, our bi-layer model may
be imagined as a system consisting of two springs with different
spring constants and different equilibrium lengths, that are later-
ally glued together (see Fig. 4).
When the AlN layer thickness increases from 1 nm to 2 nm to
3 nm to 5 nm, the amplitude of the compressive coherency stress
in TiN at the interface increases from 8.3 GPa to 12.5 GPa to
14.4 GPa to 15.4 GPa, while at the same time the amplitude of
the tensile stress in AlN at the interface decreases from 20.1 GPa
to 15.7 GPa to 13.6 GPa to 12.6 GPa, respectively. This behaviourtions applied in the model.
Table 1
Physical and mechanical properties of TiN and AlN ﬁlms [13–16].
Properties TiN AlN Si
Young’s modulus (GPa) 450 500 165.6
Poisson’s ratio 0.2 0.14 0.218
Lattice parameter (Å) 4.25 4.05 –
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ing AlN layer thickness, we effectively increase the amount ofmate-
rial that needs to be put in tension. This corresponds to increasing
the spring constant of the shorter spring (AlN) in Fig. 4, which lets
us understand why more deformation (and stresses) are taken by
the longer spring (TiN). The rRR component at the upper (AlN) free
surface of the 10-5 (10 nm TiN–5 nm AlN) bi-layer model is almost
0 and the layer curvature increases to 39.5  104 m1.
Further increase of the AlN thickness to 7 nm and 10 nm leads
to a drop of the compressive stresses in TiN at the interface to(a)
Fig. 3. Variation of coherency stress generated in TiN/AlN bilayer ﬁlm as a function of ﬁlm
mentioned in the ﬁgure).14.9 GPa and 13.8 GPa while the tensile stresses in AlN at the
interface increases to 13.0 GPa and 14.2 GPa, respectively. In con-
junction, the curvature of the bi-layer drops to 34.2  104 m1.
This is caused by the fact that the AlN layer becomes too thick to
be fully in tension, and because of the layer bending, the rRR at
the upper (AlN) free surface becomes negative (compression), thus
relieving partly the compression from the TiN layer.
A similar situation is obtained for constant AlN thickness of
10 nm and TiN layer thickness decreasing from 10 nm to 7 nm to
5 nm to 3 nm to 2 nm to 1 nm (see Fig. 3b). At approximately
5 nm of TiN, the coherency stress at the bottom (TiN) surface be-
comes 0 and for smaller thicknesses the TiN layer is fully in com-
pression. The coherency stress in TiN and AlN at the interface for
5 nm thick TiN is 12.4 GPa and 15.7 GPa, respectively, and the
corresponding curvature is 40.3  104 m1. For the thinnest TiN
layer (1 nm), the compressive stresses raise to 19.8 GPa while
the tensile stresses in AlN drop to 8.2 GPa, and the curvature
decreases to 22.8  104 m1.(b)
(c)
thickness without substrate (coherency stresses at interfaces of TiN and AlN layers
Fig. 4. Scheme of the ‘‘spring model’’.
Fig. 5. Variation of coherency stress generated in TiN/AlN bilayer ﬁlm with Si
substrate (coherency stresses at interfaces of TiN and AlN layers mentioned in the
ﬁgure).
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ways in tension while TiN is always in compression at the inter-
face. (ii) If the thinner layer has approximately 1/2 of the
thickness of the thicker layer or less, then the stress character in-
side the layer does not change (i.e. remains compressive in TiN
and tensile in AlN), while inside the thicker layer or inside both
layers when their thicknesses are comparable, the stress state
changes from the interface to an opposite type at the respective
free surface. We explained this behaviour by bending of the sam-
ple. (iii) The curvature of the bending is largest for the TiN/AlN
thickness ratios 0.5 and 2 while it is smaller for the layers with
the same thickness. Obviously, zero curvature is obtained in the
limit case of a single layer.
Fig. 3c demonstrates the ‘‘scaling’’ behaviour posed by working
within the linear theory of elasticity. It shows the stress distribu-
tion for a 30 nm thin TiN and a 3 nm thin AlN layer. The thickness
ratio is 10, i.e. the same as for the 10-1 (10 nm TiN–1 nm AlN)
model presented in Fig. 3a. And indeed, the stress proﬁles are ex-
actly the same.
Since a free standing bi-layer is difﬁcult to realise experimen-
tally for the layers of interest, we studied also the effect of sub-
strate on the stress redistribution. We assume that a TiN layer
incoherently grows on a Si substrate (i.e. no coherency stresses be-
tween them when no additional AlN layer is on top) and the TiN
itself is overgrown coherently with a cubic structured AlN layer.
The resulting proﬁles are shown in Fig. 5. Clearly, the coherency
stress is predominantly concentrated in AlN (tension) and it varies
between 26.2 GPa for the 30-6 model and 28.2 GPa in the 10-1
case. TiN is slightly in compression (between 2.4 GPa and
0.5 GPa) while the substrate is almost negligibly in compression.
Nevertheless, this behaviour is easy to understand: the assumption
of incoherency between the substrate and the TiN layer causes that
the substrate, in fact, works as a massive support for TiN against
the deformation due to the coherency with AlN. Additionally, the
coherency stress is proportional to the coherency strain (approxi-
mately the same in both TiN and Si) and the Young’s modulus.
Since TiN is stiffer than Si, also the coherency stress is considerably
higher there. The calculated curvatures for the 10-1, 10-2, 30-3,
and 30-6 models are 0.8  104 m1, 1.6  104 m1, 21.8  104
m1, and 19.1  104 m1, respectively. A comparison with the free
standing bi-layers yields that the curvature is reduced by the factor
10 when using a 500 nm thick substrate.
Finally, a comparison of the 10-1 and 30-3, as well as 10-2 and
30-6 models clearly show, that due to the substrate, the linear pro-
portionality as observed for the free standing bi-layers, is lost. This
could, however, be expected as the substrate thickness is always
500 nm, and thus the proportions of individual layers are different
in each model.
3.2. TiN/AlN multilayer system
A system of 10 layers, alternating TiN (5) and AlN (5) of 5 nm
each, was taken as a basis for the investigation ofmultilayers. As ex-
pected, AlN is in tension while TiN is in compression, however, the
absolute values of the coherency stresses in each layer type de-
crease towards the free surface of that individual layer type (see
Fig. 6). Thus, the lowest compressive stresses are in the 1st TiN layer
while the largest are obtained at the interface between the 9th (TiN)
and 10th (AlN) layers, and similarly for AlN. Such behaviour stemsfrom the bowing of the sample. When the bottom layer is TiN, the
sample bows upwards. That basically means, that the length of
the top-most AlN layer is smaller than that of the 2nd layer (though
both are stretched with respect to relaxed AlN), and consequently
the tensile coherency stress is smaller in the top-most layer than
in the 2nd layer. The calculated curvature of this multilayer with
ﬁve alternating TiN and AlN layers is 29.5  104 m1.
The curvature and variation of coherency stresses generated in
a TiN/AlN multilayer ﬁlm for 10 layers, with ﬁve alternating TiN
and AlN layers of 5 nm thicknesses each, is shown in Fig. 7. The im-
age is obtained from the ABAQUS software and visualises the
coherency stress in TiN and AlN layers as discussed in the previous
paragraph. Note that at the right facet, rRR  0 as expected for the
stress free surface.
As the 11th layer is coherently deposited, the curvature of the
multilayer specimen decreases to 22.8  104 m1 to 16.3 
104 m1 to 10.4  104 m1 to 5.0  104 m1 and to 0 m1 when
the 11th layer thickness increases to 1 nm to 2 nm to 3 nm to
4 nm and to 5 nm, respectively. When it reaches 5 nm, the sample
becomes vertically symmetrical and thus must become ﬂat. In this
case, the coherency stresses are constant with each respective
layer having values of 12.8 GPa in TiN and 15.4 GPa in AlN i.e.
higher absolute values of the coherency stress is obtained in AlN
than in TiN. This is due to the fact, that the model with 11 layers
(a) (b)
Fig. 6. Variation of coherency stresses generated in TiN/AlN multilayer ﬁlms when increasing the thickness from 0 to 5 nm of an additional TiN layer (a) and an additional AlN
(b).
Fig. 7. Curvature and variation of coherency stress generated in TiN/AlN multilayer ﬁlm.
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multilayer as well as due to EAlN > ETiN, see Table 1.
In our model, the 12th layer is again AlN. When its thickness in-
creases from 0 nm to 5 nm, the curvature again increases from
0  104 m1 to 21.0  104 m1 as the specimen bows upwards.
While the distribution of stresses is similar to that of 10 layers
(only spread over a longer distance), the curvature of the 12 layer
sample is smaller than that of 10 layers, and signiﬁcantly smaller
than for a 5-5 bilayer (58.6  104 m1). This suggests that the more
layers the system has the ﬂatter the specimen becomes. Neverthe-
less, this can be explained by the fact that the more layers are in
the system, the less important is the contribution of the top most
layer, i.e. the system more resembles the one with vertical inver-
sion symmetry (which is ﬂat).
Fig. 8a and c demonstrates the effect of various ratios of TiN and
AlN layer thicknesses. The thicker layer tends to dominate themultilayer behaviour. Therefore, the coherency stresses are con-
centrated in the AlN layer for the ﬁve times 10-3 (10 nm TiN–
3 nm AlN) model (Fig. 8a), while they are more evenly shared be-
tween TiN and AlN in the ﬁve times 5-5 model (Fig. 8c). When a
substrate is added into consideration on which the ﬁrst TiN is
grown incoherently, similar to the bi-layer system the substrate
works as a stress stabiliser of the system (effectively adds
500 nm of thickness to TiN). Nevertheless, in contrast to the
bilayer system, a slight differences in the coherency stress levels
can be observed in Fig. 8d which will increase with more layers.
This eventually leads to increasing bowing of the multilayer on
substrate, which is a qualitatively different behaviour to the free-
standing multilayer. Since for a (hypothetical) limiting case of inﬁ-
nite number of layers the specimen curvature will be 0 (in such
case, the asymmetry due to the substrate becomes unimportant),





Fig. 8. Variation of coherency stress generated in TiN/AlN multilayer ﬁlm with
substrate and different thicknesses.
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coherency stresses is maximal.4. Conclusion
This paper reports on the investigation of interfacial coherency
stress generated in TiN/AlN bilayer and multilayer ﬁlms by ﬁnite
element method (ABAQUS). We assumed a cylindrical shaped
specimen with a diameter of 2 lm and varying layer thicknesses.
The difference in lattice constants of TiN and AlN leads to a gener-
ation of (non-uniform) coherency stresses in the specimen, and to
bending of the specimen. The four-node bilinear quadrilateral axi-
symmetric elements CAX4R were used to model the interfacial
coherency stress induced in the TiN/AlN ﬁlm with elastic and iso-
tropic behaviour.
The AlN and TiN layers in the bilayer ﬁlm are always in tension
and compression at their interface, respectively. When the thick-
ness of the thinner layer is approx. 1/2 of the thicker layer or less,then the stress character inside that layer does not change (i.e. re-
mains compressive in TiN or tensile in AlN), while inside the thick-
er layer or inside both layers when their thicknesses are
comparable, the stress state changes from the interface to an oppo-
site type at the respective free surface. The curvature of the bend-
ing is largest for the TiN/AlN thickness ratios 0.5 and 2 while it
is smaller for the layers with the same thickness. The curvature is
reduced by the factor of 10 when a 500 nm thick substrate with
an incoherent interface to the TiN layer is added.
The TiN/AlN multilayer system was studied with respect to
increasing thickness of the top-most layer, thus mimicking a
growth of one bilayer period. It was observed that the curvature
of the multilayer specimen was maximum for equal number of
TiN and AlN layers, and the curvature decreases with the addition
of one more TiN layer in the system. For exactly one extra TiN
layer, the system becomes vertically symmetrical and ﬂat (i.e. zero
curvature). When the next AlN layer is added to ﬁnish the extra bi-
layer period, the curvature again increases but to a lower value
than that of the system with one less period. This suggests that
the top layer plays a crucial role in the development of the coher-
ency stress-proﬁle through the multilayer system. These results
are helpful for upcoming works in which the conditions necessary
for the stabilisation of c-AlN on TiN in the TiN/AlN bilayer system
are studied.
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